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Abstract: Fluorozirconate glasses, such as ZBLAN (ZrF4-BaF2-LaF3-
AlF3-NaF), have a high infrared transparency and large rare-earth solubility,
which makes them an attractive platform for highly efficient and compact
mid-IR waveguide lasers. We investigate the structural changes within the
glass network induced by high repetition rate femtosecond laser pulses
and reveal the origin of the observed decrease in refractive index by using
Raman microscopy. The high repetition rate pulse train causes local melting
followed by rapid quenching of the glass network. This results in breaking
of bridging bonds between neighboring zirconium fluoride polyhedra and
as the glass resolidifies, a larger fraction of single bridging fluorine bonds
relative to double bridging links are formed in comparison to the pristine
glass. The distance between adjacent zirconium cations is larger for single
bridging than double bridging links and consequently an expansion of
the glass network occurs. The rarified glass network can be related to the
experimentally observed decrease in refractive index via the Lorentz-Lorenz
equation.
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1. Introduction
The unique 3-dimensional and rapid prototyping capabilities of the femtosecond (fs) laser
direct-write technique [1] have drawn much attention from a diverse range of fields like
telecommunication [2], quantum photonics [3], microfluidics [4], astrophotonics [5] and
waveguide lasers [6]. A crucial requirement for the fs laser direct-write technique is a deeper
understanding of the structural modifications induced by the fs laser pulses within the bulk di-
electrics. This not only enables the optimization of the fabrication parameters and thereby the
device performance [7], but also allows for materials to be tailored to offer specific properties
for the direct-write process [8].
The fs laser induced structural modifications are most commonly studied using Raman mi-
croscopy and fluorescence microscopy [9–11]. So far, these modifications have been investi-
gated for materials including silicate glasses [7, 9–15], phosphate glasses [8, 11, 16, 17] and
chalcogenides [18, 19]. The type of structural modification that occurs strongly depends on the
material and the exposure conditions. For instance in fused silica irradiated with kHz repetition
rate fs pulses, the index change was linked to a permanent increase in the concentration of 3-
member and 4-member silicon-oxygen rings [7, 9, 12]. Furthermore, a transient contribution to
the index increase, which can be thermally annealed, was found and attributed to non-bridging
oxygen hole centers (NBOHC) [9, 13]. In contrast, in phosphate glass, the change in refrac-
tive index was referred to a change in phosphorus-oxygen bond length and thereby densifac-
tion/rarefaction of the glass network when using high repetition rate pulses [16], whereas after
low repetition rate exposure, an increased number of Q1 phosphorus tetrahedra (one bridging
oxygen [20]) was found, that was assigned to a change in the polarizability of the glass net-
work [17].
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To date, no investigations of this type have been reported on fluoride glasses, despite their
excellent optical properties [21], such as a low phonon energy which results in a high infrared
transparency, and a high rare-earth solubility [22] which makes them an excellent platform
for mid-infrared lasers [23]. Furthermore, these glasses feature a low nonlinearity, that limits
unwanted nonlinear pulse propagation effects during the fs laser direct-write process. They
also exhibit a relatively low refractive index (≈ 1.5), thereby reducing the refractive index
mismatch and as such the associated spherical aberrations when focusing the writing beam into
the glass [24].
In this paper we report, to the best of our knowledge, on the first study on the morphology
of fs laser induced structural modifications in bulk fluorozirconate glass (ZBLAN, ZrF4-BaF2-
LaF3-AlF3-NaF) using Raman microscopy.
2. Experimental methods
The ZBLAN glass with the composition 53 ZrF4 – 20 BaF2 – 3 LaF3 – 4 AlF3 – 20 NaF (mol%)
was fabricated from high purity (≥ 99.9%) raw materials in a controlled atmosphere glass melt-
ing facility using 50 g batch sizes [25]. For inscription of the structures a 5.1 MHz Ti:sapphire
chirped pulse oscillator (FEMTOSOURCE XL 500, Femtolasers GmbH) was used. The laser
operates at 800 nm and emits < 50 fs pulses with a maximum pulse energy of 550 nJ. Due to the
laser’s high repetition rate, there is insufficient time between successive pulses for the deposited
heat to diffuse out of the focal volume. As a result, an accumulation of heat occurs, which leads
to melting of the glass followed by rapid quenching as the sample is moved through the tightly
focused laser beam [26, 27]. The quenching time is defined by the translation speed at which
the sample is moved through the focus and typically in the order of 1-10 ms [15]. The pulse
train was focused by a 100× 1.25 NA oil immersion objective (Zeiss N-Achroplan) 300 μm
below the surface of the sample while it was translated by computer controlled precision air
bearing stages (Aerotech ABL) at a constant speed of 1000 mm/min. The laser writing beam
was circularly polarized and a pulse energy of 100 nJ was used for inscription. The refractive
index profile of the inscribed modifications was measured with a refracted near-field profiler
(RINCK Elektronik) at 635 nm with ≈ 0.5 μm spatial resolution.
The Raman spectra were collected with a confocal Raman microscope (Renishaw Ra-
manscope). The instrument is equipped with motorized XYZ stages, a 785 nm diode laser for
excitation and a grating spectrometer with a resolution of 1 cm−1. Due to the holographic notch
filter, required for blocking the Rayleigh scattered light, the minimum detectable frequency is
100 cm−1. A 50× objective, providing a resolution of ≈ 2 μm, was used for spatial mapping
of the inscribed structures. The ZBLAN Raman spectra were recorded from 150 to 750 cm−1,
accumulating ten 1 s long exposures to increase the signal to noise ratio.
2.1. Data reduction
Before performing the spectral decomposition of the Raman spectra, a detector dark frame was
subtracted from the recorded data. The dark frame was obtained by acquiring a spectrum using
the same exposure conditions but with the excitation laser blocked. Following this, a constant
baseline was subtracted to zero the high frequency end of the acquired spectra. In the next step
the spectrum was corrected for the Bose-Einstein thermal population according to [28]
IR(ν) = (1− e−hc0ν/kBT )Iobs(ν), (1)
where IR is the reduced spectrum, Iobs the recorded spectrum, ν the Raman shift in wavenum-
bers, h is Planck’s constant, c0 the vacuum speed of light, kB is the Boltzmann constant and T
is the sample temperature in K. It was assumed that the sample is at room temperature (293 K)
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with negligible heating from the excitation laser. Next, the spectral decomposition of the Ra-
man spectra into their individual vibrational bands was performed by nonlinearly fitting a linear
superposition of six ’pseudo-Voigt’ profiles (sum of a Gaussian and Lorentzian function with















The Raman shift is designated with ν , An is the amplitude of vibrational band n, μ is the shape
factor (1. . . 100% Lorentzian, 0. . . 100% Gaussian), νn the center position and wn the half width
half maximum (HWHM) of the Raman mode. As a measure for the strength of each Raman
band, the area under each peak (integrated intensity) was calculated from








3. Structure of fluorozirconate glass
Almeida et al. were the first to investigate the short range structure of fluorozirconate glass by
Raman and infrared spectroscopy [29]. They looked at binary ZrF4 – BaF2 compositions with
ZrF4 contents ranging from 52 mol.% to 74 mol.%. They ab inito postulated a structural model
based on zirconium fluoride polyhedra with terminal and bridging fluorine bonds, where the
polyhedra are arranged in zigzag chains with single bridging fluorines (corner sharing), cross
linked by Ba–F ionic bonds. By comparing their Raman spectra to fluoride crystals and using
stoichiometry, they concluded for the 64 ZrF4 – 36 BaF2 (dizirconate) compositions (F/Zr ratio
of 5.1), that the dominating structure must be ZrF2−6 octahedra (coordination number (CN) 6)
with 2 bridging fluorine atoms. For the 52 ZrF4 – 48 BaF2 (metazirconate), following com-
parison with the dizirconate composition, they concluded that it contains seven-coordinated Zr
atoms, rather than 6, due to the higher F/Zr = 5.8 ratio (the F/Zr-ratio decreases with increasing
ZrF4 content).
A different structure for the metacirconate was proposed by Kawamoto et al. shortly after,
suggesting that the glass is composed of ZrF4−8 polyhedra with dodecahedral F coordination and
partly from ZrF3−7 polyhedra with monocapped trigonal prismatic F coordination [30, 31]. The
polyhedra are linked to each other by sharing edges and/or corners to form a 3-dimensional
network. The Ba ions serve as network modifiers, sitting in the interstices of the structure,
surrounded by fluorine atoms. Their reasoning was based on Raman and differential thermal
analysis of crystalline and vitreous BaZrF6 and molecular dynamic simulations.
Based on computer simulations and data from X-ray scattering studies, Phifer et al. sug-
gested a structural model based on Zr2F13 dimers linked to rings, which form an aperiodic
quasi 3-dimensional network (Fig. 1) [32]. The dimer consists of one 8-coordinated and one
7-coordinated polyhedron, sharing 2 internally binding fluorines (edge-sharing). These dimers
are connected via 6 bridging fluorines (3 from each polyhedron) to each other, leaving 5 non-
bridging/terminal fluorides. The terminal fluorides are in Columbic interactions with the Ba2+
ions, which are dispersed across the network. One shortcoming of their proposed structure is its
asymmetry. This appears to contradict the observation that only a few Raman bands are present
in the glass, which usually suggests high symmetry [32]. By comparison, Goncalves et al.
proposed for 57.0 ZrF4 – 28.1 BaF2 – 3.3 LaF3 – 5.0 AIF3 – 6.6 NaF (F/Zr = 5.5) glass a struc-
tural model based on chains of alternating edge/corner sharing ZrF3−7 polyhedra with Ba2+ as
primary and Na+ as secondary network modifiers sitting in interstitial sites.
Clearly, there is no universal model for whether zirconium fluoride glass consists of chains
or a more complex 3-dimensional network of zirconium clusters. However, quantum chemical
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simulations suggest that zirconium clusters with high coordination states of 7 to 8 are favorable
[33–36], in agreement with the coordination numbers determined by X-ray diffraction [37,38].
These high coordination numbers require the presence of double bridging/edge-sharing links.
Fig. 1. Structure of the BaZr2F10 glass based on Zr2F13 dimers (ZrF7 and ZrF8 polyhedra
linked by a fluorine double bridges) forming a ring-like network (illustration derived from
[32]).
4. Raman spectra of fluorozirconate glass
Almeida et al. identified five main peaks in the Raman spectrum of binary ZrF4 – BaF2 glass,
one strong, polarized peak around 565− 598 cm−1, one weaker partially polarized at 468−
500 cm−1, and three weak, depolarized bands at 386−416, 322−348 and 183−196 cm−1 [29].
The central frequency of each band depends on the composition of the glass, for instance instead
of the of the ≈ 330 cm−1 band, Walrafen et al. identified a band at ≈ 230−250 cm−1 in PbF2
containing fluorzirconate [39].
The fact that there is not a unified picture of the glass structure makes the assignment of
the Raman bands to different vibrations difficult and several different allocations can be found
throughout the literature. The strong ≈ 580 cm−1 band is most widely studied and unambigu-
ously attributed to the total symmetric stretching vibrations (νS) of the Zr–FT (T. . . terminal flu-
orine bond) bonds within the polyhedra [29,30,40–43]. The next Raman mode (≈ 480 cm−1) is
assigned to the antisymmetric stretching vibration of the bridging fluorine bonds Zr–FB with no
movement of the heavier zirconium atoms involved [40,41]. In compliance with the occurrence
of edge sharing bonds, this band was assigned by Boulard et al. to symmetric and antisymmet-
ric stretching of the fluorine double bridging link [33]. Almeida et al. assigned the 400 cm−1
and 330 cm−1 band to motion by the non-bridging/terminal fluorine FT , where the higher fre-
quency band corresponds to an antisymmetric stretching and the lower frequency band to a
possible ‘umbrella’ motion. The latter includes movement of the heavier glass forming cation,
concluded by comparing spectra of similar zirconium and hafnium fluoride glasses [40]. In
addition, they also noted that the lower frequency vibration (330 cm−1) could be the result of
skeletal bending of the bridging fluorine atoms FB with displacement of the zirconium due to
its slightly different frequency in fluorohafnate glass. However, the fact that the 330 cm−1 band
does not lose intensity upon melting makes it likely due to motion of terminal fluorines FT
rather than bridging fluorine FB [39]. In contrast, the 400 cm−1 band intensity decreases when
heated and therefore it should be assigned to bridging rather than terminal fluorine atoms [39].
The lowest frequency Raman band (≈ 190 cm−1) was assigned to a skeletal bending vibration
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Fig. 2. (a) Optical microscope image and corresponding refractive index profiles (RIP) of
the analyzed modification with an average refractive index change of Δn = (−1.0±0.2)×
10−3 in its center. The black and red cross in the RIP indicate the approximate location of
the collected spectra shown below. (b) Raman spectra of unmodified and modified ZBLAN
plotted on top of each other, illustrating the only very subtle changes in Raman response
between modified and unmodified ZBLAN. (c) Raman spectra of unmodified ZBLAN.
The inset highlights an additional weak band at ≈ 335 cm−1 arising from impurities. For
comparison, the deconvolved spectrum is shown for a curve fit using 5 and 6 bands. (d)
Spectral decomposition into 6 bands of the Raman spectrum illustrated in (c).
composed of a symmetric stretching by bridging fluorines with zirconium motion [40, 41] and
in compliance with this assignment to bridging bonds, Walrafen et al. demonstrated a decrease
in intensity upon heating [39].
5. Experimental results
A brightfield microscope image of the investigated laser modification inscribed with 100 nJ
pulse energy at a translation speed of 1000 mm/min is depicted in Fig. 2a. Next to the micro-
scope image in Fig. 2a is the corresponding refractive index profile (RIP), showing an average
refractive index change of Δn = (−1.0±0.2)×10−3 in its center. Two crosses in the RIP indi-
cate the location at which the Raman spectra shown in Fig. 2b of the unmodified (solid red line)
and modified glass (dashed black line) were collected. Figure 2c shows the recorded spectra
after correction for the detector dark current, the Bose-Einstein thermal population and sub-
traction of a constant background to set the long frequency tail to zero. The decomposition of
the Raman spectrum into the Raman bands, as identified by Almeida et al., is shown in Fig. 2d.
Additionally, a weak band at ≈ 330 cm−1, next to the 270 cm−1 feature, was found as indi-
cated by the arrows in the inset of Fig. 2c. This extra band could arise from oxygen impurities
as seen in spectra of 56.3 ZrF4 – 34.7 BaF2 – 7.0 ThF4 glass, which was deliberately doped
with ZrO2 [44]. This band is also present in spectra recorded from locations several tens of
microns deep within the bulk glass, which excludes oxidation/corrosion of the surface as cause.
The inset in Fig. 2c shows the deconvolved spectrum when fitting 5 bands and 6 bands, re-
spectively. In order for the deconvolved spectra to closest represent the experimental data, this
additional weak band at ≈ 335 cm−1 was included in the curve fitting process. Without this
band, the ≈ 270 cm−1 Raman peak converged to a higher frequency, slightly off the peak po-
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Fig. 3. Spatially resolved Raman data of a laser induced modification from Fig. 2a. Each
row corresponds to one Raman peak, with column one being its integrated intensity (area
underneath the curve), column two shows the change in FWHM and column three illus-
trates the shift in center frequency. The data is the relative percentage change normalized
against the bulk glass.
sition in the recorded spectra, as well as a larger FWHM was observed compared to the case
with 6 bands. Since the amount of impurities is not expected to change in the laser modified
region, the ≈ 335 cm−1 band was kept constant during the curve fitting process using the curve
parameters of pristine glass.
Since band 3 and 5 are only weakly pronounced and do not have any distinctive features in
the spectrum, a careful choice of the initial values for the fitting parameters was necessary to
obtain reproducible outcomes. However, the obtained fitting parameters, in particular amplitude
and width, for those bands were associated with large confidence bounds resulting in a large
variation from fit to fit and as such a low signal-to-noise ratio.
The absence of any sharp peaks in the Raman spectrum of the modified glass indicates that
the vitreous state is preserved after being heated above the melting point by the laser and
quenched to room temperature on a millisecond timescale. Furthermore, the laser modified vol-
ume is transparent with no scattering being observed when investigating the structures under
the optical microscope with crossed polarizers [45]. For Raman bands similar to the polycrys-
talline phase to evolve, the glass has to be kept at a temperature close to the glass transition
temperature for several hundred hours which then results in the formation of crystallites of
75 A˚ average size [46].
To spatially resolve the entire inscribed structure depicted in Fig. 2a, a raster scan was per-
formed, recording Raman spectra across a 36×36 μm window with 1.5 μm step size in x and
y. Those Raman bands of the glass network, that spatially reflect the shape of the refractive
index modification are shown in Fig. 3. As mentioned above, the maps for Raman band 3 and 5
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were very noisy due to the large confidence bounds of the fit. Therefore, subtle changes in band
3 and 5 are potentially obscured by noise arising from the curve fitting.
The maps in Fig. 3 show the relative change in percentage compared to the bulk glass back-
ground, which was taken as the average over a 5 by 5 pixel square from each corner. The bulk
glass reference value for each parameter is noted at the top of each map. The first column in
Fig. 3 shows the relative change in integrated intensity (area underneath the curve). The relative
percentage change in FWHM and Raman shift for each band are shown in the second and third
column, respectively.
The intensity of the 580 cm−1 Raman band (peak 1) increases in the laser modified regions
by (+1.5± 0.4)%, indicating an increase in terminal bonds. The increase in terminal bonds
must be accompanied by a decrease in bridging bonds. This is reflected by a relative drop in
intensity by (−1.8± 1.6)% (column 1/row 2) of the 480 cm−1 band, which has been assigned
to stretching of the double bridging fluorine bonds. In turn, an increase in the intensity of the
skeletal bending mode by (+28± 20)% (peak 6), which has been attributed to single bridging
fluorine, is observed (column 1/row 3). As a consequence of the decrease in strength of the dou-
ble bridging fluorine and increase in the single bridging fluorine Raman bands, a fraction of the
double bridging bonds must have been broken up into single bridging ones. Under conservation
of the total number of fluorine atoms situated around zirconium, the coordination number of
one of the two zirconium polyhedra, which previously were linked by a double bridging bond,
has to decrease while the coordination number of the second polyhedra stays the same. A de-
crease in coordination number results in an increase of the 580 cm−1 band frequency [42], and
indeed an increase in Raman shift is observed, as illustrated by the map in column 3, row 1.
The 580 cm−1 band (peak 1) is sufficiently broad to account for the symmetric stretching vi-
brations of several different ZrF4−nn species and as such splitting is not expected [39]. However,
the change in coordination number of some zirconium polyhedra results in a changed spread
of zirconium coordination numbers. Hence, a change in the width of peak 1 is expected and
indeed, the FWHM of peak 1 increases as shown in column 2/row 1. It should be noted that a
decrease in the number of bridging bonds leads to a decrease in frequency of peak 1. However,
the effect of the change in the coordination number is stronger than the change due to bridg-
ing [42]. The increased frequency of peak 6 suggests either a decreased bond angle or a reduced
single bridging bond length in the laser modified volume [40]. However, because there is no
unified picture of the glass network makes a definitive assignment to either one of the effects
difficult.
Based on these observations we can postulate the following picture: The tightly focused high
repetition rate fs pulse train results in local melting of the glass and thus breaking of the bridging
bonds. This is followed by rapid quenching on a millisecond timescale as the sample is moved
through the focus of the laser beam. As the glass resolidifies, a larger fraction of single bridging
fluorine bonds relative to double bridging bonds are formed than there were present in the
pristine glass, which solidified significantly slower on a minute timescale. The distance between
neighboring zirconium cations for single bridging/corner-sharing bonds is larger than in the
case of double bridging/edge-sharing bond (4.15 A˚ for single bridging compared to 3.56 A˚ for
double bridging in the case of α-ZrF4 consisting of triangular dodecahedron ZrF8 polyhedra
[31]). Therefore, the glass network is less efficiently packed and exhibits a decreased density,
resulting in a decreased refractive index via the Lorentz-Lorenz equation.
ZBLAN not only responds with a negative index change to high repetition rate 800 nm fs
radiation but also when exposing it to kHz repetition rate pulses [45, 47]. At first glance, one
interpretation is that the index change for high and low pulse repetition rate exposure have the
same underlying mechanisms. However, the thermal conditions between the two regimes are
significantly different with the glass being quenched on a microsecond timescale (≈ 1 μs is
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the typical thermal diffusion time of glass [48]) in the kHz regime as opposed to milliseconds
in the MHz regime. For instance while in borosilicate glass, both regimes result in a positive
index change, the underlying structural modifications of the glass network are different [15].
The index change in borosilicate glass for low repetition rates was attributed to the formation of
non-bridging oxygen atoms, whereas density changes were found as dominating cause for the
index change in the high repetition rate regime. In the case of ZBLAN different bond breakage
and/or structural rearrangement may occur in the kHz regime and/or the even faster cooling
rate freezes in a structure that could not be frozen in with the slower cooling rate in the MHz
repetition rate regime. Future work will investigate the structural changes in the kHz region.
The rarefaction of the glass network is consistent with the presence of stress induced by the
laser modified regions and the occurrence of stress fractures [49]. An expansion of the glass
network was also observed by Sramek et al., when irradiating the surfaces of several different
fluorozirconate glasses with pulsed 193 nm radiation [50].
The structural modification of the glass network was related to changes in the bridging
bonds linking zirconium fluoride polyhedra. This provides a potential avenue for tailoring
the photo response of fluorozirconate glass by adjusting the fluorine to zirconium ratio of the
glass composition. Substituting ZrF4 by BaF2 and vice versa increases/decreases the F/Zr ratio.
Aasland et al. showed, that the F/Zr ratio influences the bridging between zirconium fluoride
polyhedra and their coordination number [43]. This was reflected in a relative intensity change
between the 580 cm−1 and 480 cm−1 Raman bands and a shift in frequency of both bands.
6. Conclusion
We used Raman microscopy to reveal the underlying structural changes of the ZBLAN glass
network after exposure to high repetition rate 800 nm fs pulses. The laser results in local melting
followed by rapid quenching of the glass. As the glass resolidifies, a larger fraction of single
bridging fluorine bonds relative to double bridging bonds are formed compared with the pristine
(slowly cooled) glass. The distance between neighboring zirconium cations is larger in the case
of single bridging bonds which results in a rarefaction of the glass network. This can be related
to the observed decrease in refractive index via the Lorentz-Lorenz equation. These findings
are an important step towards tailoring the photo response for the fs direct-write process of
fluorozirconate glass via engineering the glass composition.
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